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. Environmental thermal variability in space and time imposes selective pressures on organisms (Bozinovic, Medina, et al., 2016; Clavijo-Baquet et al., 2014; Gould, 1985; Levins, 1968) , and performance can be affected by increased variability in temperature even if the mean temperature does not change (Bozinovic, Medina, et al., 2016; Cavieres, Bogdanovich, & Bozinovic, 2016; Vázquez, Gianoli, Morris, & Bozinovic, 2017) . Nevertheless, little attention has been given to quantifying the effects of the duration and patterns of thermal exposure on ectotherm performance and fitness (time-dependent effects sensu Kingsolver & Woods, 2016) , but see Roitberg and Mangel (2016) . According to Kingsolver and Woods (2016) , theoretical and empirical studies of time-dependent effects are the necessary first steps for generating explanations and building strong predictions about the consequences of climatic change (Bozinovic & Pörtner, 2015; Koussoroplis, Pincebourde, & Wacker, 2017) .
Overall, tolerance to extreme temperatures has been shown to differ depending on temporal scale of exposure (Nguyen, Bahar, Baker, & Andrew, 2014) . For instance, Chidawanyika and Terblanche (2011) report increases of 70% in the survival of moths exposed to high temperatures for short periods of time (37°C/1 hr) (see also Khani & Moharramipour, 2009; Overgaard & Sørensen, 2008; Rozsypal, Koštál, Zahradníčková, & Šimek, 2013; Sinclair, Jaco Klok, Scott, Terblanche, & Chown, 2003) . In addition, the response of organisms to thermal fluctuation can differ depending on the nature of thermal fluctuation. For example, Ketola, Kellermann, Loeschcke, López-Sepulcre, and Kristensen (2014) do not report significant effects of exposure to thermal fluctuations (with the mean temperature remaining constant) on egg-to-adult viability in Drosophila melanogaster. Nevertheless, Bozinovic, Medina, et al. (2016) tested the effect of thermal change on fly survival and found 85% reductions in the survival of adult flies acclimated to thermal fluctuation involving changes in temperature variance. Also, in that study, no significant differences were found in the survival of fruit flies acclimated to thermal variability but with constant mean temperatures.
Given that thermal conditions impact individual performance, plasticity, and survival, here we experimentally assess how thermal fluctuation (i.e., thermal cycle duration) affects life-history and ultimately fitness to better understand how organisms cope with rapid environmental changes. We used the fruit fly D. melanogaster from central
Chile as an ectothermic model (see Methods). Earlier, this species has been used to test hypotheses about the impacts of thermal variability on performance and fitness (Bozinovic et al., 2013) . Furthermore, the phenotypic responses of this species to environmental temperature and other climatic factors are well known (Castañeda, Balanyà, Rezende, & Santos, 2013; Castañeda, Rezende, & Santos, 2015; Hoffmann, 2010; Ohtsu, Katagiri, Kimura, & Hori, 1993; Parkash, Aggarwal, Singh, Lambhod, & Ranga, 2013; Ragland & Kingsolver, 2008) . Thus, here, we determine the time-dependent effects of thermal variation on fruit fly hatching performance. We hypothesized that the effect of thermal variability would depend on the frequency of exposure to extreme temperatures. In addition, we postulated that hatching success would decline with increasing frequency of exposure to extreme temperatures. Overall, it was thought that repeated suboptimal temperature shocks would induce stress in our animal model, and thus, fitness would decrease with increased exposure.
| ME THODS
Adult D. melanogaster flies were collected in central Chile (33°26′S; 70°39′W at 500 m above sea level) during summer 2016. After capture, flies were identified based on morphological characters (Markow & O'Grady, 2005) and from these, ten breeding groups were generated.
Each group consisted of proximately 10 males and 10 females. Flies were reared in controlled conditions (24°C and LD = 12:12) in 250 ml glass vials with Burdick culture medium (Burdick, 1955) . The groups were maintained for three generations. Third generation virgin flies were collected within 8 hr of hatching and were transferred to vials containing 11 g of culture medium. Two individuals (sex ratio 1:1) were maintained in each vial. After 24 hr, 20 eggs were collected from each vial using a microscope. These eggs were transferred in batch to fresh vials. Vials, each containing twenty eggs, were assigned to either the control group (Hoffmann, 2010) . The proportions of hatching eggs in the upper (32 ± 0°C, n = 14 replicates) and lower (24 ± 0°C, n = 14 replicates) thermal fluctuation treatments were 0% and 34%, respectively.
Eggs were maintained in their respective treatments until hatching occurred. Later, hatching performance was evaluated as the proportion of flies found in the replicate vials every 24 hr (i.e., accumulative hatching success within 24 hr) during a total period of 12 days; we quantified the amount of adults that successfully developed, yet we did not check for stages of development (e.g., larvae and pupae). In particular, we quantified (a) proportion of hatched eggs (total) and (b) hatching success over time. Normality and homoscedasticity assumptions were fulfilled using square root and exponential function transformations.
The proportion of hatched eggs was analyzed using a general linear model with a negative Binomial distribution. To analyze hatching success over time, we tested the effect of treatment and time until hatching (days) on the proportion of hatched eggs; the data were fitted to a second-order fractional polynomial function. Then, a linear mixed model was generated for the longitudinal data; number of replicates (random intercept) was nested in time until hatching (slope) and was included as a random effect. Differences among treatments were tested using post hoc comparisons (Tukey tests). The statistical analyses were carried out in R (R Core Team, 2017) . The datasets analyzed during the current study are available in the Dryad Digital Repository.
| RE SULTS
Egg viability differed significantly among treatments (Figure 1 ). In particular, the proportion of eggs that hatched was lower for flies acclimated to long (48 hr) and short (6 and 12 hr) thermal fluctuation timescales compared to flies subjected to control (0 hr) and moderate (24 hr) timescales of thermal variability.
Compared to the control group, where 77% of eggs hatched, the proportions of eggs hatching in the 6, 12, and 48 hr treatments were 54%, 50%, and 48% ( Figure 1, Table 1 ). In addition, hatching success over time differed significantly among treatments (Table 1, Figure 2) ; eggs in the 24 and 48 hr treatments hatched later than eggs in the control, 6, and 12 hr groups (Figure 2 ).
| D ISCUSS I ON
Adaptation to varying thermal environments depends on the temporal pattern of environmental changes and the tolerance of each phenotype (Levins, 1968) . Thus, environmental variability in time and space imposes challenges on organisms (Gould, 1985) where animals that inhabit variable environments are expected to be plastic in order to survive a broad range of temperatures.
Some studies have evaluated the effect of thermal variability on life-history traits, including developmental time (Ragland & Kingsolver, 2008) , hatching success (Ji, Gao, & Han, 2007) , and environments is explained by high average viability across environments and not by having high environmental robustness in terms of viability (i.e., low variation in viability across environments) (Ketola et al., 2014; Liefting, Hoffmann, & Ellers, 2009; Masel & Siegal, 2009 ). In theory, when eggs are exposed to a high frequency of stressful temperatures (32°C; 6 and 12 hr treatments), reductions in hatching performance are probably a consequence of the increased F I G U R E 2 Time that passed until Drosophila melanogaster eggs hatched. Eggs were acclimated to different frequency of thermal fluctuation (6, 12, 24, 48 hr, and control [0 hr]) . Different letters indicate significant differences between values. Data are reported as mean ±SE energetic costs of maintenance and synthesis of heat-shock proteins (HSPs; Chevin & Hoffmann, 2017; Cooper Brandon, Hammad Loubna, Montooth Kristi, & Robbie, 2014; Kafri, Metzl-Raz, Jona, & Barkai, 2016; Podrabsky & Somero, 2004) ; however, these costs
were not assessed in this study. For instance, Krebs and Feder (1997) report that HSPs are biosynthesized and degraded nearly every 1.5 and 4-6 hr, respectively (see also Sørensen, Nielsen, Kruhøffer, Justesen, & Loeschcke, 2005; Tomanek & Somero, 2000) . Thus, frequent events of high temperatures that cause physiological stress may cause organisms to have to reduce energy allocations to longterm processes such as those involved in reproduction and hatching;
hence, fitness could be negatively impacted. Also, increased ambient temperature could affect the circadian rhythms of hatching and locomotion in fruit flies (Rosbash et al., 1996) . A similar hypothesis could be stated for longer times of exposure to high and stressful temperatures such as that experienced by flies in the 48 hr treatment. Indeed, according to Roberts and Feder (2000) prolonged duration of thermal exposure has negative effects on performance and fitness; specifically, chronic exposure to high temperatures reduces insect survival and rate of development (Kingsolver & Woods, 2016; Krebs & Feder, 1997) .
Here Kingsolver & Woods, 2016) . Although controlled experiments cannot capture the widespread range of thermal environments in nature, simple tests such as those presented here can shed light on the mechanisms involved in responses to thermal variability.
Moreover, these types of experiments can shed light on the causes of phenotypic variation at different temporal and spatial scales as environmental temperature varies over time as well as across geographic gradients.
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